The different possible positions for the roof and sidewalls of retractable roof greenhouses allow them to behave either as greenhouses, shadehouses or wind barriers. Radiation and wind control must be part of the control strategy along air temperature which proves to be a poor method of control as it is the case nowadays. Globe temperature is proposed as a viable controller for retractable roof greenhouses in arid regions, for its ability to integrate in one simple data point temperature, radiation and wind speed. With the use of two globe thermometers it is possible to merge the data between outdoors and indoors to create a better environment for vegetable cultivation while maximizing light exposure for the plants.
INTRODUCTION
Retractable Roof Greenhouses (RRGH) make it possible to completely retract the roof and walls to provide the plants with the maximum solar radiation when desirable. Alternatively, the roof can be deployed and the walls retracted on hot and sunny days, to protect them from excessive radiation, much like a shade structure.
This straight forward strategy yields positive results for woody ornamentals, cactaceae and forestry crops, as demonstrated by the adoption of the RRGH within these sectors of the horticultural industry. These crops are much more tolerant of variations in the environmental conditions than other horticultural and vegetable crops. A major commercial potential for this greenhouse design resides in the vegetable production, due to a much larger potential market. However, vegetable crops tend to be more delicate and more demanding in terms of microenvironment management.
Manipulating the internal environment of RRGH is difficult, if the goal is more than simply improving "outdoor" conditions. The control of the environment is passively dependent upon the conditions between outdoors and what is happening indoors. Numerous models exist for ventilation and air temperature in the case of roof openings (Boulard, 1995) , side walls, open-roofs (Sase, 2002) and combined (Kittas et al. 1997 ) but none consider the plant temperatures (leaf, canopy, root and fruit). Stowing the roof or the vents provokes fast microclimatic changes that create stresses as shown by Suárez-Romero et al. (2003) , and that water availability, solar radiation and wind are three critical parameters that affect plant microclimate and ultimately plant temperatures.
Water availability for the plant depends upon the amount provided to the root zone, and the vapor pressure surrounding the plant canopy, which is consistently higher than in a conventional greenhouse. Water availability could readily be manipulated by the crop management practices such as hydroponic systems, by controlling EC, and planting density (Suárez-Romero, et al., 2003) . Solar Radiation is the primary plant growth factor governing the decision of purchasing a RRGH. All fixed roof greenhouses covered with materials that have 70-80% light transmission, actually reduce total daily light availability as much as 50% or more. However high light conditions may at times reach undesirable levels and cause disorders such as fruit burn and excessive plant water stress.
Wind is the most disruptive of all factors affecting crop conditions. It ranges from the subtle change of water status of the plant by reducing the boundary layer conductances at the surface of the leaves, to the dramatic mechanical stress particularly on tall crops as peppers and tomatoes. Therefore a viable control strategy for a retractable roof greenhouse must consider solar radiation and wind in addition to the air temperature to provide the correct thermal conditions for the plants.
The black globe thermometer sensor is commonly used in animal and human comfort studies. It is the instrument that set the standard for thermic radiation comfort level for buildings (NF ISO 7726) and air conditioning (ASHRAE, 1997) . It generally consists of a thermister or a thermocouple encased in a hollow blackened copper sphere. Okushima et al. (2001) used it in a greenhouse for determining the heat stress experienced by the workers.
The surface temperature of a body exposed to a radiative source of heating, such as the sun will be greater than the surrounding air, if the air movements and the latent energy transfer are not sufficient to dissipate the energy absorbed from the incoming radiation. Plant leaves follow these basic physical principles to which the black globe temperatures can be linked. The surface temperature of the black globe can indicate the radiant load assuming a non-transpiring canopy or fruit.
The black globe can be a sensor to simulate the maximum steady-state temperature of a leaf under water stress, or the temperature that a fruit can attain, with only convection/conduction heat transfer with surrounding air. This is directly related to plant physiological processes. Photosynthetic rate of the plant and metabolic activity is dependent on leaf/canopy temperature rather than air temperature (Andersson 1990 ).
The following study will validate the model which can simulate canopy and fruit temperature behavior with an inexpensive, reliable sensor. The sensor can be part of a permanent weather station installed in and out of the greenhouse and used as a sensor for control by stowing/deploying the roof and walls. Optimizations of this kind have already been attempted in regular greenhouses with IR sensors (Langton et al., in press ), photosynthesis monitoring (Ceulemans, 1985) and respiration measurements (Challa, 1978) . However, the complexity and price of these devices are prohibitive for greenhouse control systems and therefore are a deterrent for their usage in the industry.
MATERIALS & METHODS
A pepper crop consisting of 144 plants at a density of three plants per square meter, in a hydroponic growing system within a RRGH was tested from September 15 th , 2003 to January 15 th , 2004. The plants were in double rows spaced 30 cm apart, with 30 cm between plants. The plants were trained to either 2 or 3 heads (main stems) and supported by plastic string that was secured to a wire rope (3.2 mm, 1/8 in diameter) that was mounted 3.1 m (10 ft) above the ground. Nutrient delivery was achieved with a top drip irrigation system. The RRGH structure was described in detail by Suárez-Romero, et al., 2003 , and consisted of a retractable flat-roof greenhouse manufactured by Cravo Equipment, LTD, Branford, Ontario, Canada which was located at the campus agricultural center of The University of Arizona. The structure was constructed of galvanized steel frame with 3.65 m tall posts spaced 9.14 m in the east-west direction, and 3.65 m in the north-south direction. The bay where the test crop was grown was equipped with a movable glazing (RC98) uncoated fabric which provided 28% shade.
Two black hemispherical globes were constructed by soldering thermocouples (type K, gage 18, ±0.5°C) to the internal surface of the copper wall. The internal space was filled with insulation foam, and painted with seven layers of black mat paint. One globe was placed outside the RRGH on a platform mounted 5 m above the ground. This location avoided any shading, and wind protection by the structure. The other globe was placed on a similar platform adjacent to the crop. This platform was periodically raised to maintain the same level as the upper canopy of the plants. PAR (400 -700 nm, LiCor) radiation sensors were also installed in each location.
To monitor leaf and fruit temperature, two 36 gage thermocouples were mounted in mature leaves, as well as, developing fruits, each with direct exposure to the sun. The sensors and thermocouples were connected to a Campbell 21X datalogger which collected data as 5 minutes average for storage and manipulation.
The positioning of the RRGH roof and sidewalls were evaluated in response to the external environmental conditions. Physical positions for roof and sidewalls were defined by their position (i.e. deployed -extended to cover the roof or sidewalls; or stowed -positioned to allow solar radiation and wind to enter the growing area, or 0% deployed). "100-0" means that the roof was deployed at 100%, and the walls were 0% deployed (or stowed away).
There are three distinct combinations of positions for the roof and sidewalls that are useful for climate control within the RRGH, and that do not involve positions of partial deployment. These are: 100-100: This is the security position. Both roof and sidewalls are 100% deployed and the structure behaves thermally as a conventional greenhouse, trapping heat for increased air temperature. 100-0: This is the shade structure position. The roof is 100% deployed, and the sidewalls are not deployed (completely retracted). Wind is allowed to pass through to reduce air temperature. 0-100: This is the wind break and high light position. The roof is 0% deployed (completely retracted), and the walls are 100% deployed. The crop within the structure is exposed to the maximum outside radiation, however their is protection from the wind.
The final combination (0-0) provides outside conditions to the crop as if the structure was absent. However, it offers no additional advantage than the 0-100 position (especially within a structure of large area), and it eliminates the potential for climate control. Therefore it was not used.
RESULTS & DISCUSSION
Figures 1 and 2 represent the leaf temperatures and the fruit temperatures, respectively, as a function of the black globe temperature located adjacent to the plants inside the RRGH. Both demonstrate strong linear relationship (R² = 85.4% and 83.7%, respectively).
The models were used to determine a set point value for the black globe that represents desirable leaf and fruit temperatures. From the empirical models, a black globe temperature of at least 25°C is necessary to maintain a leaf temperature of 18°C (desired minimum for pepper), and 41.5°C for a maximum acceptable fruit temperature of 30°C (temperature the fruit suffers cellular damage). Figure 3 represents the PAR for November 20 th and 21 st , 2003, two environmentally identical days, including PAR, air temperatures and humidity. The wind speed was negligible and the average outside air temperature was 17.2°C for both days. PAR out is the average hourly outside PAR for both days. On Nov 20 th the roof and sidewalls were deployed at 100-100 regardless of any environmental condition. In contrast on Nov 21 st the decision to stow the roof and sidewalls was based on the outside black globe measured values. For temperatures below 25ºC the greenhouse was set to 100-100 (until 10:30 and after 17:00). For temperatures between 25 and 41.5ºC the greenhouse was set at 0-100 (10:30 to 11:30 and 14:20 to 17:00). Finally for temperature above 41.5ºC the setting was 100-0 (from 11:30 to 14:20).
With this strategy on Nov 21 st leaf temperature never exceeded 28°C even at maximum solar radiation. This suggests that the canopy of a well watered plant can respond to very high temperature or radiation levels as long as the humidity level is low. The limiting factor is therefore the fruit that do not transpire. The maximum measured fruit temperature was 32.1ºC (figure 4). Air temperature which peaked at 25ºC, demonstrated being a poor representation of the observed plant tissue temperature. The total daily PPF received by the plant increased from 16.7 to 21.01 mol.m -2 , an increase of 25.8% (Figure 3 ). The total daily outside PPF was 27 mol.m -2 . The control strategy described above was based only on the outdoor black globe temperature. Air temperature and humidity equalize with the outside values within less than 5 minutes.
This strategy responds poorly during windy conditions. It can cause very quick reduction in the plant's temperature especially during cooler periods of the year, and tall crops such as pepper can be seriously damaged by wind both physically, as well as physiologically with crown rot (elephant's feet). Therefore, the inside black globe temperature must be integrated into the control strategy. The placement of this sensor gives an idea of the thermal microenvironment at canopy level. If large differences in air temperatures between inside and outside are detected it may be indicative of an inappropriate roof/sidewall setting and/or windy conditions. In cloudy conditions (data not shown) minute changes in radiation provoked a response from the greenhouse and induced excessive activity from the structure. It is necessary therefore to include in the controlling strategy a time delay or a set sensitivity range.
Further studies must be conducted to determine the effect of partial positioning of roof and/or sidewalls. Roof/sidewall positions of 85-85 or 85-100 are potential candidates to develop as improved control strategies. They represent more restrictive combinations that provide natural ventilation compared to 0-100 and 100-0, thereby providing more moderate air temperature and humidity changes. 85-0 is an example of setting yielding higher ventilation rates and the higher potential for cooling.
Arid climates offer the further possibility to use fog systems in an effective way to control humidity levels and reduce excessive heat stress in the summer. The above strategy should be expanded for the use of such tool. The complete WBGT (wet bulb globe temperature, the combination between the globe temperature and VPD) could be used in more humid climates or integrated to conventional greenhouse applications for a holistic approach of greenhouse climate control (e.g. shade and thermic blankets).
CONCLUSIONS
RRGH strategy control must take in consideration outdoor and indoor conditions to be able to use it as a tool for climate conditioning and maximize light exposure. Black globe thermometers were demonstrated as adequate sensors for use in the control strategy of a control system. Air temperature alone is not sufficient for controlling plant tissue temperatures. 
